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INTRODUCTION
A popular monochromator presently used in many laboratories throughout the world is the Bausch and Lomb (B&L) High Intensity Monochromator. This instrument is small (1;4 m), relatively low cost, and has f/3.5 optics. Various options and accessories include a choice of three light sources (tungsten-halide, mercury, or deuterium), five gratings (ranging from 0.2 to 3.2 /Lm), variable entrance and exit slits, and an adjustable achromatic lens. Unfortunately, however, the only wavelength scanning unit designed for the instrument is a relatively primitive, one speed (1 rpm), unidirectional, synchronous motor drive, which is insufficient for many applications. It would be more desirable to have bidirectional capability, variable speed, a wavelength readout, limit switches to avoid overdriving the grating screw, and external-drive capability to allow computer control. Since we found nothing on the commercial market which satisfied these criteria it was necessary to design our own unit, which is the main subject of this paper. It is also desirable to maintain constant intensity during the wavelength scan, and this problem was solved by using a programmable dc power supply on the tungsten light source. Finally, we have identified the various filters necessary to obtain a minimum intensity of 2 x 10 14 photons cm-2 S-I (in an area of 3 cm 2 ) over the wavelength range 0.76 to 2.50 /Lm, by using a single grating (the B&L 1.4-3.2 /Lm grating). In fact, wavelengths up to 3.4 /Lm may be obtained from this grating, with somewhat reduced intensity, of course. Note that this wavelength range is useful for investigating the photoelectronic properties of impurities in many important semiconductors, including Si, Ge, GaAs, and InP.
I. APPARATUS A. Grating drive
The mechanical part of the grating drive mechanism consists of a stepping motor, position potentiometer, and associated gearing, as shown schematically in Fig. 1 . These components are mounted in a small box (51;2 x 31;2 x 31;2 in.) which bolts into two existing threaded holes in any of the B&L High Intensity grating assemblies. The coupling to the grating screw shaft is positive and backlash is minimal. (Reproducibility will be discussed later.)
The electronic circuitry is shown in Fig. 2 . Here we have incorporated a power supply and translator module produced by the motor manufacturer. (All the component types, model numbers, and manufacturers are listed in Table I .) For automated operation the necessary inputs include a TTL logic level, for motor direction, and TTL pulses, to drive the motor. The primary output is a voltage derived from the position potentiometer which corresponds to the motor position. The upper and lower wavelength limits are set by front-panel potentiometers, and LED's indicate when one of the respective limits is reached. The voltages (indicated by "SP" in Fig. 2 ) for the limit and position potentiometers are derived from a separate regulator. Front panel controls include, besides the limit potentiometers, an autointernal-jog switch, a direction switch (for internal run and jog modes), and a speed control, for internal-run operation. In addition, there is ajog momentary switch,
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FIG.
I. An isometric view of the mechanical components. The potentiometer is designated "P" in Fig. 3 . and the stepping motor "M"'. The size of each plate is 3!1.! x 5Y<! in.
i : which turns the motor a single step if the auto-internaljog switch is in the jog position. In summary, then, the grating drive may be jogged in single steps, run continuously at a speed and direction determined by frontpanel controls, or run automatically, with speed, direction, and rotational distance determined externally.
B. IntenSity control
Spectroscopy experiments are most easily interpreted if the light intensity is constant over the wavelength range of interest. Often this problem is either ignored or is dealt with later by attempting normalization to grating, source, and filter envelopes. The latter procedure will be correct only if the particular response being studied is either linear with intensity over the whole range, or else at least follows some known relationship.
The two obvious ways to vary intensity are: (1) vary the entrance slit width, or (2) vary the source intensity itself. Method I is quite inconvenient on this particular monochromator because the slit width is not controlled by a vernier micrometer screw, which then would be easily amenable to a motor drive. Also, in any case, method I would have the disadvantage of a slower response than method 2. In adopting method 2 we chose to use dc power, although the B&L tungsten-halide lamp normally operates on 6.8 V ac, stepped down from the I IO V line voltage. Accordingly, the lamp circuitry was slightly 969
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C. System control
The complete automated system is shown in Fig. 3 , with the component types and manufacturers specified in Table I . To set the intensity, an integer (0-999) from the computer is converted to a control voltage (0-IO V) at the D-A converter, and is subsequently converted to a voltage (0-IO V) at the lamp power supply. The precision is 0.1 '70. To set the wavelength, the computer first converts the desired wavelength to an equivalent position-potentiometer voltage, according to a predetermined relationship. The computer then turns the stepping motor, by means of the stepping motor pulser board, until the instantaneous voltage at the potentiometer equals the desired voltage (wavelength).
II. CALIBRATION AND PERFORMANCE
A. Wavelength
Because of the rigid coupling between the motor, grating screw, and potentiometer, each voltage V A derived from the potentiometer represents a unique grating position, or wavelength A.. In fact, the relationship between A. and V A over the relevant wavelength range is nearly linear, although a better fit is given by the following third-order polynomial (for the 1.4-3. Table I . Peripheral equipment items, such as the plotter (H-P 9872A), are not shown, for clarity. we have made up a data file, on a magnetic floppy disk, consisting of an integer (0-999) for each wavelength in the range 0.76-2.50 ILm, in 0.02 ILm steps. These integers are chosen such that a constant intensity of 2 x 10 14 photons cm-2 S-I is maintained in a 1 cm x 3 cm rectangular pattern. Here we are using the 1.4-3.2 ILm grating (337.5 lines per mm, 2.0 ILm blaze wavelength), tungsten-halide light source, achromatic lens, 6 mm entrance slit, and 3 mm exit slit. (The calibration detector was a Hewlett-Packard Mod. 8334A thermopile used with an H-P 8330A Radiant Flux Meter.) The calibration described above is maintained to within 3% over a period of several months. The various filters used, along with their concomitant wavelength ranges, are given in Table II . The ability to achieve intense light at 0.76ILm, with a grating intended for the 1.4-3.2 ILm spectral range, is made possible by the unique properties of the Corning 7 -69 filter, which has less than 0.1 % transmittance from 1.1 to 2.2 ILm, but greater than 35% transmittance from 0.76 to 1.0 ILm. Thus, with this filter in place, a grating setting of 1.80 ILm (first order), for example, will produce almost no 1.80 ILm light, but strong 0.90 ILm light, in second order. This feature is quite important for semiconductors such as GaAs and InP, because it is then possible to obtain above-bandgap energies without changing gratings. Note from Table I that the 1.4-3.2 ILm grating can actually be extended to 3.4 ILm, which is near both the end of the grating drive range and the point at which the Ge filter begins passing second-order light. The intensity from 2.5-3.4 ILm is of course reduced from the normal 2 X 10 14 photons cm-2 S-I. Another problem in this wavelength range is that a strong atmospheric absorption band appears between about 2.7 and 2.9 ILm. In spite of these problems good data may still be achieved in this range, with proper corrections.
III. DATA
In Fig. 4 we present photoconductivity data from a GaAs : Cr sample (dc measurements) and an InP: Fe sample (ac measurements). The GaAs: Cr was p type, with dark conductivities of 9.2 x 10-3 and 1.3 x 10-7 0-1 cm-I at 296 and 159 K, respectively. The InP: Fe was semi-insulating, with a dark conductivity of 6.8 x 10-8 0-1 cm-I at 296 K. The dc conductivity measurements (GaAs : Cr) are in absolute units (0-1 cm-I ) while the ac measurements (lnP: Fe) are in arbitrary units. The filters used in the various wavelength ranges are also shown in the figure. Data acquisition, calculations, and plotting were all carried out without operator assistance, except for filter changes. (In our system, the computer activates a buzzer when it is time for a filter change.) The time delay between successive data points may be varied.
